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Recombination activity of copper in silicon
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The carrier recombination activity of copperrnrtype andp-type silicon has been investigated. The
minority carrier diffusion length has been found to decrease monotonically with increasing copper
concentration im Si and to exhibit a step-like behavior jitype silicon at Cu concentrations above

a certain critical level. It is suggested that the impact of copper on the minority carrier diffusion
length is determined by the formation of copper precipitates. This process is retarded in perfect
silicon due to the large lattice mismatch betweens$uand the silicon lattice and even more
retarded inp Si, due to electrostatic repulsion effects between the positively charged copper
precipitates and interstitial copper ions. Comparison of the impact of Cu on minority carrier
diffusion length obtained witp-Si samples of different resistivity confirmed the electrostatic model.
Studies of the impact of copper on minority carrier diffusion length in samples with internal
gettering sites indicated that they provide heterogeneous nucleation sites for Cu precipitation at
subcritical Cu concentration. Above a certain threshold of Cu concentration, the bulk recombination
activity is dominated by quasihomogeneous formation of Cu precipitates, a process that is not
detectably affected by the presence of oxide precipitates20@1 American Institute of Physics.
[DOI: 10.1063/1.1415350

Copper is one of the most common metal contaminantgrown n-type samples, float-zone growntype Si samples
in silicon. The detrimental impact of copper on semiconducwere used. Copper was chemically deposited on the sample
tor device yield was recognized already in 1960 by Goetzsurfaces by dipping them into dilute copper-fluoride solution.
berger and Shocklely.However, systematic studies of the Diffusion anneals were performed in a vertical furnace in a
properties of copper in silicon were complicated by the lacknitrogen ambient and were terminated by a quench in sili-
of measurement techniques to reliably detect copper in traceone oil. After the quench, samples were chemically cleaned,
concentration in silicon. Therefore, until recently, Cu in Sieétched, and stored for several days at room temperature be-
was much less understood than, e.g., Fe in Si. In particulafore measurements to allow all defect reactions of copper to
literature data on the impact of copper on minority carrierdo towards completion. The minority carrier diffusion length
diffusion length were controversial. It was fodnfthat in-  Was determined by the surface photovoltage technique using
tentional Cu contamination up to the level of the CMS-IIIA system by Semiconductor Diagnostics. The
101-10cm2 had very little or no effect on the minority results pf the measuremenfts.for ;(ng silicon are pre- .
carrier lifetime in p-type silicon, or even improved it, sented in Fig. 1. We found it instructive to plot the data in

whereas high copper concentrations inevitably led to the sigFi9s- 1-3 against the effective density of recombination

nificant degradation of minority carrier diffusion lengtn  Sit€S, which is proportional to 1Lf, wherel is the minority
contrast, a strong effect of Cu on lifetime mSi was ob- carrier diffusion length. This proportionality holds because

served even at low Cu contamination levai11A consis- according to the Shockley—Read—Hall statistics, the density
tent explanation was offered neither for this difference inOf recombination centers is proportional tor Yassuming

recombination activity of copper in Si andp Si, nor for its

weak impact on lifetime irp Si at low Cu concentrations. 102 10
In this letter, we present results of systematic experimen- : ® 1 g
tal studies of the impact of copper contamination on minority = 103 b / S
carrier diffusion length im-type andp-type as-grown Czo- ?, nsi : 450 E’
chralski (C2) silicon with different doping levels, and in T ol i li0 2
p-type silicon with internal gettering sites, and suggest a g \ f—:’
model to explain the observed dependencies. fgj 105 | H oS with 2x107 Cm_; 200 %
Copper diffusion in CZ-growrp-type silicon was per- é ........... 09 @ oxide precipitates | 500 =
formed in the temperature range between 450 °C and 950°C 108 p-Si, as grown CZ . .
for sufficiently long time to reach the equilibrium solubility 1013 0% 10 10% 107 10
of copper. For comparison, similar diffusions were per- Cu concentration (cm™®)

formed usingn-type silicon. Due to the lack of suitable CZ-
FIG. 1. Dependence of effective trap density and minority carrier diffusion
length on Cu contamination level in 10 ohm cm CZ-gromsSi samples

dElectronic mail: ravinder@uclink4.berkeley.edu (diamond$, and in 10 ohm cnp Si, as-grown CZ(open circley and with

YMailing address: Lawrence Berkeley National Laboratory, MS 62-203, 12X 10’ cm 2 of IG sites(black circles, as determined from optical precipi-
Cyclotron Rd., Berkeley, CA 94720. tates profiler measurements.
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—O— 35-50 Ohm-cm (3x10" em®)_ unlikely at low copper concentrations because of the large
[ |—®— 10-12 Ohm-cm (1.1x10"° cm™) " . : . .. .
—A— 0.8-1.2 Ohm-om (2x10"® cm'™) nucleation barrier for the formation of Cu precipitates, which

102 is due to(i) strong compressive strain, caused by large vol-
ume expansioti during the formation of copper silicide, and
(ii) electrostatic repulsion between the positively charged Cu
precipitates and the ionized, interstitial ;Cions* Copper
precipitates were shown to be positively chargeg ®i and
negatively charged or neutral im Si° The charge state of
copper precipitates is determined by the Fermi level position,
. . which depends on the concentration of shallow acceptors

1018 101 1077 (boron compensated by shallow donaofmainly interstitial

Cu concentration (cm™) coppej. If the interstitial copper concentration exceeds the

FIG. 2. Dependence of effective trap density and minority carrier diffusion boron concentration, conduptlwty type |nver5|_or_1 occurs. As
length on Cu contamination level imtype silicon samples with a different SOON as the QU concentration becomes sufficient for the
boron doping level. Fermi level to exceed the electroneutrality level of the pre-
cipitates at approximatel.—0.2eV? the charge state of

that there is only one predominant type of lifetime limiting COPPer precipitates changes from positive to neutral or nega-
defects in the samplewhereas the minority carrier lifetime, tive, and the electrostatic precipitation barrier disappears or
7, is proportional toL2. The corresponding values of the @ven changes sign to attraction. rtype silicon, a much
minority carrier diffusion |ength['_, are given in F|gs 1-30n lower Cu concentration is required to initiate nucleation of

109

10—4 -

Effective trap density, a.u.
Diffusion length (microns)

105 |

the right-hand side vertical axis. the precipitates since the Fermi level is close to the electro-
Figure 1 presents three curves, one mtype silicon, neutrality level even for very low copper concentrations.
and two forp-type silicon, as-grown CZ and with internal EBIC measurements of our samples indicated that Cu

gettering(IG) sites. The curve obtained on the sample withprecipitates are very efficient recombination centérshis

IG sites(filled circles will be discussed in detail at the end can be explained by a combination of two factors, the posi-
of this article. Initially, our discussion will be confined to the tive charge of Cu precipitates im Si, which increases their
curves obtained on tha Si (diamond$ and p Si without  capture cross section for minority charge carriers, and the
intentionally formed IG sitegopen circles It is seen from  effective recombination of these charge carriers through the
Fig. 1 that inn-type silicon, the effective density of recom- band-like states associated with Cu precipitdtésThere-
bination centers increases almost linearly with the indiffusedore, it is reasonable to assume that the step in minority
Cu concentration, whereas intype silicon, the effective carrier lifetime (Fig. 1) is caused by recombination of the
density of recombination centers remains very low at low Cucharge carriers at copper precipitates. These precipitates are
concentrations and experiences a sharp increase at a Cu cdarmed at high density as soon as the Fermi level position in
centration of approximately 30cm3. This critical Cu con-  the sample reaches the electroneutrality level, thus reducing
centration matches the threshold concentration of copper th#te total barrier for nucleation and growth of Cu precipitates.
has to be reached in IDXcm p Si to start forming Cu To further test this model, we investigated the effect of
precipitates in the bulk, which was reported in our recentCu on minority carrier diffusion length for samples with
publication!? The existence of a threshold Cu concentrationthree  different  resistivities [35—50 ohm cm(B)=3

for the formation of Cu precipitates was explained asx10“cm 3), 10—-12ohmcm(B)=1.1x10*cm™®), and
follows.'? Precipitation of copper in the bulk of the wafer is 0.8—1.2 ohm cm(B)=2x 10%cm~3)]. This experiment en-
abled us to compare the minority carrier diffusion length in
samples with the same starting copper concentration, but

14 -3

i fgfg g'h‘;”j;‘ (‘fﬁl‘ﬁoéfm’.a) with a different Fermi level position. Results are presented in

10?1 0.8-1.2 Ohmom (2x10® ™) [ 10 Fig. 2, which shows that the position of the step in the ef-
o {120 § fective density of recombination sites depends on the doping
2103 ¢ 130 g concentration. A higher concentration of Cu is required to
% 150 < cause the step-like transition in the effective density of re-
E 104 | {100 g combination sites in the_sgmples with a higher boron doping
= 1200 g level. However, the position of the room-temperature Fermi

£ 105 ¢ {300 3 level calculated for the moment immediately after the
% %L 1500 § quench is the same for all three types of samples, see Fig. 3.
10% . . , , . This allows us to conclude that all three samples have expe-
00 02 04 06 08 T 1.0 rienced the same dominant defect reaction, which determines
Fermi level after the quench the observed step in the efficient density of copper-related

from the val - ; . .
(from the valence band edge) recombination sites: the formation of copper precipitates

FIG. 3. The same data as in Fig. 3, plotted against Fermi level position invhich starts as soon as Fermi level reaches the electroneu-
the sample at room temperature immediately after the quench. The Fermiality level of copper precipitates.

level position was calculated assuming that all copper is in the ionized This result provides a confirmation of the electrostatic
interstitial state. The range of the horizontal axis corresponds to the band

. . . . e ]14 .
gap width of silicon at room temperature. The arrow indicates the positior{nOdeI of Cu precipitation in S'“Cdﬁ and explams the

of the electroneutrality level of copper precipitates. step-like dependence of minority carrier lifetime on Cu con-
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centration inp-type Si. At low copper concentrations, no also because it is known that interstitial copper is a very
precipitates are formed. As discussed in our recenshallow donor, which, according to Schockley—Read—Hall
publicationst®’ complexes of interstitial copper are un- statistics, is expected to have very weak recombination prop-
stable, and outdiffusion of copper to the wafer surface is therties, and cannot account for such a strong effgntilar to
predominant defect reaction of Cu mtype silicon. Since that of iron of Cu on minority carrier diffusion length in
only a small fraction of Cu is left in the bulk, its impact on silicon.

minority carrier diffusion length is small, and may even re- This work was partly supported by the National Renew-
sult in passivation of electrically active defects, if complexesable Energy LaboratoryNREL), which is funded through
of Cu with these defects are less recombination active thathe DOE, under Contract No. XAF-8-17607-04, and the Sili-
the original defects. However, when the critical copper concon Wafer Engineering and Defect Sciel&WEDS con-
centration is reached, copper starts forming recombinatiosortium. The use of experimental facilities at the Lawrence
active precipitates everywhere in the bulk. As these precipiBerkeley National LaboratoryLBNL) is acknowledged.
tates are very efficient lifetime Killers, the minority carrier LBNL is funded through the Director, Office of Energy Re-
diffusion length decreases drastically. hrtype silicon, the search, Office of Basic Energy Sciences, Materials Sciences
Fermi level is very close to the electroneutrality level of Division, of the U.S. Department of EnergypOE) under
copper precipitates, and nucleation of copper precipitates occontract No. DE-AC03-76SF00098. The authors gratefully
curs much easier. Therefore, the effect of copper on minoritpcknowledge collaboration with R. FalstaWlEMC), who
carrier lifetime at low copper concentrations is greaten 8i  provided samples with controlled oxide-precipitate density
than inp Si. for this study.
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